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(57) ABSTRACT

An electron microscope system includes a laser system
operable to generate an optical pulse and a pump pulse and
a microscope column. The microscope column includes a
multiple cathode structure having a plurality of spatially
separated cathode regions. Each of the cathode regions are
operable to generate an electron pulse. The microscope
column also includes an electron acceleration region adja-
cent the multiple cathode structure, a specimen region
operable to support a specimen, and a detector.

19 Claims, 11 Drawing Sheets

I "
D ‘y ! D / Chiective Lens
|
b Specimen {130)

I:] /- Objective Lens
/ Image Deflection

Coils

bt ts 153 Detector




U.S. Patent Oct. 11, 2016 Sheet 1 of 11 US 9,464,998 B2

‘ I/112 |
Optical Pulse ]
l /!
P
= | 123
2 ” ly 122
Vit 121
Pump Pulse \H t,
135 14
|
i

/ Objective Lens

\ _—
|
\ll

Y Specimen (130)

I\ / Objective Lens
1
‘ Image Deflection
, 3 X / Coils
it K
||
1
l
{

15;4 ~ 152
Q\
t, t, &3 153 Detector

FIG. 1A




U.S. Patent Oct. 11, 2016 Sheet 2 of 11 US 9,464,998 B2

160’\ 170 f162

164

\




U.S. Patent Oct. 11, 2016 Sheet 3 of 11 US 9,464,998 B2

- FFEEETEETTTEG, - =~ === mm e mm e m e ;
: {. g Extractor/ 210 1
: <« Suppressor :
Optical R et
Pulse 4 e ommm |
115 Ej" = Ul Accelerator 212
g cxms || ez g
j AL___"W [ ecorocag il
. —““ﬁ-&l’ le= | <
L1 200
! /
Pump Pulse I:] t I:I :
135 Esaa-’ -5
i
o _d&‘i-_:g ! [ ]i4 <« Objective Lens
5 gtn&ﬁm“ Specimen 130
[] : [ ]|« Objective Lens
gile f
|EE " Image Deflection
D | D Coils
il )
101 1| 017
pm = o b e ,
O |COF  ADF Detector 225

f : [__+__-]<-—> BF Detector 227 STEM i

CCD
232

________

________________________________________



U.S. Patent

FIG. 3

FIG. 4

FIG. 5

Oct. 11, 2016

Sheet 4 of 11

o
tﬂ n
| p— (%)

US 9,464,998 B2

wn
@
w
-3
i ta ()
= t3 (X3)
=
= | to (X2)
t (X1)
!
—+— Specimen
T T T T Y Y T Y 1 T
oagg5oggé.
-l ©” ,® 4@ o Multiple-Pulse ]
B @ % I Dynamics
S 418~9 ) - 410
E L 400 6,012 i
© l O ®
5[ ® @ .
DL @ @ @.. i
w
! 4 i L ] 1 1 1 ' i
1 5 9 13 17 21
Frame number
i i [ i ) T H T T
‘% Oz Single-Frame -
2 | 410 Dynamics
= 414 .
(0]
Ef _
©
C B -
2
%)
! { } ! { i i { i

Time delay



US 9,464,998 B2

Sheet 5 of 11

Oct. 11, 2016

U.S. Patent

R

s

s

S

e o
O

e

ST
e

SRR




U.S. Patent

Oct. 11, 2016 Sheet 6 of 11

US 9,464,998 B2

_____________________________________________

' Py e ey
CIP 042 T a~810
Tome 020 e .
e N e
P ‘ . 022 Yo
@
(S @ 002 e {e}
Py . e
M ® @ s
e . e
¥ e

—————————————————————————————————————————————

1.0

0.9

0.8

Diffraction Intensity

i
® Side beam

Center beam

e )
("SIde peam axis

100
r beam axis

(“. ente

-50 0 50

Time Delay (ps)
FIG. 9

100



U.S. Patent Oct. 11, 2016 Sheet 7 of 11 US 9,464,998 B2

FIG. 10A FIG. 10B

FIG. 10C FIG. 10D

FIG. 10E FIG. 10F



U.S. Patent Oct. 11, 2016 Sheet 8 of 11 US 9,464,998 B2

100 . - . : ] « T
. Center beam
g s} .
(] .
£ ' \
-*é 60 \\\\ 7
© A
§ 40 . \\\\ -1
*6 A
Q
3 20+  Suppressor i
£ —=— 1600 V
S --e-- 1400 V
& OF |-=a-1000V §
! $ i i } I 1
1000 1200 1400 1600
Gun-lens Voltage (V)
FIG. 11A
100 . - , ] - s
Q .
o~ \ Side beam
2 80 \\\ -
6}
£ el
i e
% 60r o ]
@ i
o
§ 40 - -
S
LY
()]
o 20F  Suppressor N
= —=— 1600V
o 41500 V
¥ OrF |-e-1400V N
| X } . i 2 {
1000 1200 1400 1600

Gun-lens Voltage (V)
FIG. 11B



U.S. Patent Oct. 11, 2016 Sheet 9 of 11 US 9,464,998 B2

1 ' i 4 i ¢ i v 1
0 _ Center beam ]
)
B i
© -1 1
£ *
= 2r .
42}
@ !
£ 3t -
[on 1
e
3 4r 7
Q L
©
o O i
2 :
8 6t i
A ] Gun-lens Voltage= 1624 (V)
-7 : ! 3 i . | X i
800 1000 1200 1400 1600
Suppressor voltage (V)
FIG. 12A
i ' 1 N ¥ ' i ! 1
40} Side beam -
)
&
)
E a8t :
.‘:‘_’3"
o
g
% 36} -
k3]
@
©
g w4 -
© _
i Gun-lens Voltage= 1624 (V)
H 2 | . i

i i i s
1400 1450 1500 1550 1600
Suppressor voltage (V)

FIG. 12B



U.S. Patent

Oct. 11, 2016 Sheet 10 of 11

1300
N

US 9,464,998 B2

Direct an optical pulse to impinge on a
cathode structure having a plurality of cathode
regions

Generate a plurality of electron pulses

A 4

Accelerate the plurality of electron pulses to
impinge on a specimen

Y

Direct a pump pulse fo impinge on the
specimen

l

Detect a signature associated with the plurality
of electron pulses

l

Process the signature to provide an output

FIG. 13



U.S. Patent

Oct. 11, 2016

1400
N

Sheet 11 of 11

Direct a first laser p

ulse to impinge on a

cathode structure of an electron microscope

A 4

Direct a second laser to impinge on a specimen

A4

Generate a first electron pulse from a first
cathode region of the cathode structure

y

Generate a second electron puise from a

second cathode region

of the cathode siructure

h 4

Accelerate the first e
second eiectron puise

lectron pulse and the
towards the specimen

\ 4

Direct the first electron pulse and the second
electron pulse to impinge on the specimen

A

y

Pass the first electron

pulse and the second

electron pulse through the specimen

A 4

Detect a signature associated with the first

electron pulse and the

second electron pulse

A

A

Provide an output associated with the detected
signature

FIG.

14

US 9,464,998 B2



US 9,464,998 B2

1
METHOD AND SYSTEM FOR ELECTRON
MICROSCOPE WITH MULTIPLE
CATHODES

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Patent
Application No. 62/014,823, filed on Jun. 20, 2014, entitled
“4D Multiple-Cathode Electron Microscope,” the disclosure
of which is hereby incorporated by reference in its entirety
for all purposes.

STATEMENT AS TO RIGHTS TO INVENTIONS
MADE UNDER FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT

This invention was made with government support under
DMR0964886 awarded by the National Science Foundation
and under FA9550-11-1-0055 awarded by the Air Force. The
government has certain rights in the invention.

BACKGROUND OF THE INVENTION

In 4D ultrafast electron microscopy (UEM), ultrafast light
pulses generate electron packets by photoemission at the
cathode of an electron microscope. The electron packets are
then used to probe dynamic processes initiated by heating or
by exciting the microscopic specimen with a second, syn-
chronized ultrafast light pulse. In conventional implemen-
tations, each pump pulse on the specimen is accompanied by
one suitably delayed laser pulse on the cathode to generate
one packet of electrons probing a single time point in the
evolution of the specimen. A record of the full course of the
temporal evolution of the specimen is then constructed by
repeating the experiment multiple times with variation of the
delay time between the two light pulses, reading out a
separate CCD image for each delay time. Thus, information
about different time points in the dynamic response of the
specimen is obtained from different excitation events.

Conventional techniques are well suited for specimens
that undergo irreversible, but sufficiently well-defined
dynamics, to allow a new specimen area to be used for each
time point or for a specimen that recovers fully to allow
repeated identical excitations of the same area.

Despite the progress made in the field of UEM, there is a
need in the art for improved methods and systems related to
electron microscopy.

SUMMARY OF THE INVENTION

The present invention relates generally to methods and
systems related to microscopy. In a particular embodiment,
methods and systems are provided that enable the capture of
multiple images at ultrashort time intervals for a single
microscopic dynamic process, which can be referred to as
4D multiple-cathode ultrafast electron microscopy (UEM).
The techniques described herein are applicable to the study
of a wide variety of materials and a range of microscope
configurations.

In an embodiment, the dynamic process is initiated in the
specimen by one femtosecond light pulse (referred to herein
as a pump pulse) and probed by multiple packets of electrons
generated by one ultraviolet laser pulse (referred to herein as
an optical pulse) impinging on multiple, spatially-distinct,
cathode surfaces or elements. Each electron packet is dis-
tinctly recorded, with timing and detector location con-
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trolled by the cathode configuration. As an example, two
packets of electrons on each image frame (of a CCD camera)
can probe different times, separated by a time delay on the
order of tens of picoseconds, in the evolution of the diffrac-
tion of a gold film following femtosecond heating. The
electron packets originate from different cathode locations
or regions, pass through the same area of the specimen, and
are recorded at distinct locations on the detector, thereby
encoding two different time points in the evolution of the
specimen. Embodiments of the present invention provide
methods and systems for imaging of irreversible ultrafast
phenomena of materials and studies involving the single-
frame capture of ultrafast dynamics using single-pump/
multiple-probe, embedded stroboscopic, imaging.

As described more fully herein, the present invention
makes it possible to probe and distinctly record multiple
time points in a dynamic process following a single initia-
tion pulse. In an embodiment, the probing electron packets
are all generated by a single light pulse, which impinges on
multiple, spatially-distinct, cathode surfaces. Time separa-
tions between electron packets in the electron-pulse train are
adjusted by the cathode spatial and electrostatic configura-
tion.

According to an embodiment of the present invention, an
electron microscope system is provided. The electron micro-
scope system includes a laser system operable to generate an
optical pulse and a pump pulse and a microscope column.
The microscope column includes a multiple cathode struc-
ture having a plurality of spatially separated cathode
regions. Hach of the cathode regions are operable to generate
an electron pulse. The microscope column also includes an
electron acceleration region adjacent the multiple cathode
structure, a specimen region operable to support a specimen,
and a detector.

According to another embodiment of the present inven-
tion, a method of operating an electron microscope is
provided. The method includes directing an optical pulse to
impinge on a cathode structure having a plurality of cathode
regions and generating a plurality of electron pulses, each of
the plurality of electron pulses being associated with one of
the plurality of cathode regions. The method also includes
accelerating the plurality of electron pulses to impinge on a
specimen and directing a pump pulse to imping on the
specimen. The method further includes detecting a signature
associated with the plurality of electron pulses after the
plurality of electron pulses have passed through the speci-
men and processing the signature to provide an output at an
output device.

According to a specific embodiment of the present inven-
tion, a method of analyzing a specimen using an electron
microscope is provided. The method includes directing a
first laser pulse to impinge on a cathode structure of the
electron microscope, directing a second laser pulse to
impinge on the specimen, generating a first electron pulse
from a first cathode region of the cathode structure in
response to the first laser pulse, and generating a second
electron pulse from a second cathode region of the cathode
structure in response to the first laser pulse. The method
further includes accelerating the first electron pulse and the
second electron pulse towards the specimen and directing
the first electron pulse and the second electron pulse to
impinge on the specimen. The first electron pulse impinges
on the specimen at a first time and the second electron pulse
impinges on the specimen at a second time after the first
time.

The method further includes passing the first electron
pulse and the second electron pulse through the specimen,
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detecting a signature associated with the first electron pulse
and the second electron pulse, and providing an output
associated with the detected signature.

Numerous benefits are achieved by way of the present
invention over conventional techniques. For example,
embodiments of the present invention provide techniques
that probe the ultrafast dynamics of microscopic specimen at
multiple time delays in the femtosecond to picosecond time
range following a single excitation pulse. Additionally, some
embodiments multiply the data acquisition rate in measure-
ments of ultrafast dynamics, thereby reducing experiment
duration and exposure of the specimen to laser pumping.
Furthermore, some embodiments enable internal calibration
of the single pulse dynamics by the direct recording of a
negative-time reference on each data frame and allow
adjustment of the probe pulse time delays by electrostatic
cathode settings. These and other embodiments of the inven-
tion along with many of its advantages and features are
described in more detail in conjunction with the text below
and attached figures.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a simplified schematic diagram illustrating
elements of a multiple cathode electron microscope accord-
ing to an embodiment of the present invention.

FIG. 1B is a simplified schematic diagram illustrating a
cathode structure operable to provide multiple cathodes
according to an embodiment of the present invention.

FIG. 1C is a simplified schematic diagram illustrating a
multi-voltage multi-cathode structure according to an
embodiment of the present invention.

FIG. 2 is a simplified schematic diagram illustrating an
electron microscope column utilizing multiple cathodes
according to an embodiment of the present invention.

FIG. 3 is a diagram illustrating multiple electron pulses
emitted from multiple cathodes of an electron microscope
according to an embodiment of the present invention.

FIG. 4 is a plot illustrating measurement of electron
packets as a function of optical delay according to an
embodiment of the present invention.

FIG. 5 is a plot illustrating temporal behavior of electron
packets in a single frame according to an embodiment of the
present invention.

FIG. 6 is an image of a gold film illuminated with two
pulsed electron beams according to an embodiment of the
present invention.

FIG. 7 is an image of the gold film illustrated in FIG. 6
during uniform intensity illumination using two pulsed
electron beams according to an embodiment of the present
invention.

FIG. 8 is a diffraction pattern from a gold crystal film
during uniform intensity illumination using two pulsed
electron beams according to an embodiment of the present
invention.

FIG. 9 is a plot of diffraction intensity as a function of
time for two pulsed electron beams originating from two
cathodes according to an embodiment of the present inven-
tion.

FIG. 10A-10F are images illustrating different multiple
electron beam configurations for a multiple cathode electron
microscope according to an embodiment of the present
invention.

FIG. 11A is a plot illustrating relative electron transit time
as a function of gun lens voltage for an electron beam from
a center cathode according to an embodiment of the present
invention.
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FIG. 11B is a plot illustrating relative electron transit time
as a function of gun lens voltage for an electron beam from
a side cathode according to an embodiment of the present
invention.

FIG. 12A is a plot illustrating relative electron transit time
as a function of suppressor voltage for an electron beam
from a center cathode according to an embodiment of the
present invention.

FIG. 12B is a plot illustrating relative electron transit time
as a function of suppressor voltage for an electron beam
from a side cathode according to an embodiment of the
present invention.

FIG. 13 is a simplified flowchart illustrating a method of
operating an electron microscope according to an embodi-
ment of the present invention.

FIG. 14 is a simplified method of analyzing a specimen
using an electron microscope according to an embodiment
of the present invention.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

In order to study samples with completely non-repetitive
dynamics, for example, a stochastic process in a heteroge-
neous sample that does not return to its initial configuration,
a series of snap shots following a single excitation event can
provide the only direct and detailed view of the evolution.
Currently, single excitation pulse systems combined with
video-mode imaging can provide millisecond-scale time
resolution, far short of the time scale for many phenomena
of interest in nanoscale materials science, chemistry, and
physics. Nanosecond resolution has been reached by com-
bining one excitation pulse with a train of light pulses on a
single cathode, with deflection of the imaging electrons after
passing the specimen plane to direct each successive pulse
to a new region of the detector. This nanosecond method has
been successfully used with a high-speed electrostatic
deflector array to obtain time sequences of irreversible and
stochastic processes.

Various implementations of UEM that achieve laser-based
time-resolved microscopy have been utilized, including
single-pulse UEM, which enables “singe-shot” imaging of
homogeneous specimens, stroboscopic UEM, which uses a
series of optical pulses impinging on a single cathode, and
single-cathode, deflection techniques, which use a series of
optical pulses impinging on a single cathode to generate a
series of electron pulses that are swept across a detector
through image deflection. In contrast with these conven-
tional techniques, embodiments of the present invention
utilize the stable geometry of the microscope column and the
high level of control over the applied voltages that is
achievable to provide a high level of precision in both image
timing (on the order of picoseconds) and image location.

Embodiments of the present invention achieve increased
timing accuracy with respect to conventional techniques
through the use of multiple cathodes. As an example,
embodiments of the present invention provide picosecond
resolution. Although some embodiments of the present
invention are described in relation to diffraction measure-
ments, the present invention is not limited to these particular
configurations and image based applications are included
within the scope of the present invention.

FIG. 1A is a simplified schematic diagram illustrating
elements of a multiple cathode electron microscope accord-
ing to an embodiment of the present invention. As illustrated
in FIG. 1A, a cathode structure 110, which can also be
referred to as an electron photoemission source, including
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multiple cathodes (i.e., cathodes 111, 112, and 113) is
provided in the microscope column. Laser irradiation rep-
resented by single optical pulse 115 is incident on the
cathode structure 110. A set of time separated electron pulses
121, 122, and 123 are produced by the cathode structure and
are accelerated toward the specimen 130, also referred to as
a sample. Objective lenses are positioned adjacent the speci-
men for imaging purposes.

In some embodiments, the optical pulses 115 used to
generate the electron beams from the multiple cathodes are
shaped spatially, temporally, or combinations thereof to
enhance the electron beams produced by the multiple cath-
odes. Gaussian beams with top-hat temporal profiles (e.g.,
250 fs in length) are utilized in some implementations
although this particular beam profile is not required by the
present invention. In other embodiments, as an example, the
shape of the optical pulse 115 can be provided such that the
electron pulses are chirped, which will result in pulse
compression as the electron pulse propagates toward the
specimen. In addition to electron pulse chirping, other
temporal pulse shaping techniques that are applicable to
single cathode microscopes can be applied to the multiple
cathode structures discussed herein. Beam steering can be
used to increase the laser intensity at the center and/or edge
of the cathode structure in order to enhance electron beam
generation.

The specimen is excited using pump pulse 135, which is
incident on the specimen. Timing between the optical pulse
115 and the pump pulse 135 is controlled such that the time
of arrival of the pump pulse and the electron pulses is
coordinated. Optical access to the cathode structure and the
specimen are provided as described more fully in relation to
FIG. 2. One of ordinary skill in the art would recognize
many variations, modifications, and alternatives.

When a specimen irreversibly changes following the
pump laser excitation, an image (real space or diffraction)
for a single time point can be acquired using the single pulse
method of one pump pulse and one electron pulse, after
which the detector frame is read out. For a homogeneous
specimen, the experiments may be repeated at different time
delays (between the pump pulse and the electron pulse
reaching the specimen) and on different specimen locations
to achieve the equivalent of a full “single-shot™ transient.
When, instead, conditions of repeatability are met, acquisi-
tion of a single image for a single time delay may also be
carried out stroboscopically by using identical pump/probe
cycles that are repeated as many times as required to
accumulate a single image frame of the desired quality
before detector read-out. Additional time points can be
acquired at the same specimen location. Both acquisition
modes have thus far been used by the present inventors with
only a single probe pulse per excitation. The time resolution
achieved with the stroboscopic method took microscopy into
the femtosecond regime, while in the “single-shot” record-
ing hitherto, the resolution was typically on the nanosecond
scale.

Referring to FIG. 1A, a multiple-cathode technique is
illustrated that is characterized by the ultrafast time scale (on
the order of picoseconds) accessible for imaging. Addition-
ally, high precision in image timing and location on the
detector are intrinsic features of the present invention. As
illustrated in FIG. 1A, the delivery of one laser pulse to both
the specimen (i.e., a pump pulse 135) and the multiple
cathode structure (i.e., the optical pulse 115) is accompanied
by a train of temporally-spaced electron pulses 121, 122, and
123, with each from a distinct cathode surface of the
multiple cathode structure.
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The timing of the electron pulses 121, 122, and 123 is
controlled by the source locations and electrostatic potential
environments, while, in the implementation illustrated in
FIG. 1A, the spatial separation of image locations 151, 152,
and 153 depends to a significant extent on the lateral spatial
separation of the distinct cathode surfaces.

FIG. 1B is a simplified schematic diagram illustrating a
cathode structure operable to provide or function as multiple
cathodes according to an embodiment of the present inven-
tion. As illustrated in FIG. 1B, the cathode structure 160
provides multiple cathode regions, also referred to as cath-
ode elements, for example, two regions: the top 162 of the
cathode structure and the side 164 of the cathode structure.
The cathode regions are separated in both lateral and lon-
gitudinal directions.

Referring to FIG. 1B, the cathode structure 160 includes
a cylindrical region 166 (which defines a longitudinal direc-
tion) and a tapered section 167 that begins at the side 164 of
the cathode structure, which can also be referred to as a side
region, and ends at the top 162 of the cathode structure,
which can also be referred to as a tip region. Thus, the
cathode structure 160 includes a tip region 162 and a side
region 164. As described more fully below, the side region
164 is only one of several side regions that are present on the
cathode structure. A single side region is illustrated for
purposes of clarity.

In response to optical illumination, the tip region 162
generates a center beam of electrons, which can be associ-
ated with the tip region of the cathode structure. Referring
to FIG. 6, the center beam is illustrated in the lower right
corner of the image. The cathode structure 160 also includes
a tapered section 167 that spatially separates the tip region
162 from the side region 164 in both a lateral dimension and
a longitudinal dimension aligned with the center axis of the
cylindrical region 166. The side region is defined by the
intersection at which the cylindrical portion of the cathode
rod meets the cone shaped region of the cathode. The side
region 164 generates a side beam of electrons, illustrated as
the side beam in the top left corner of the image in FIG. 6.

In other embodiments, multiple cathode regions that are
spatially separated in the lateral dimension but substantially
coplanar in the longitudinal direction are utilized. In some
implementations, the flat area 170 at the highest point of the
tip region 162 is about 50 um in diameter. Of course, other
sizes can be used depending on the particular application.

In some embodiments, the cylindrical region 166 is
replaced with a rod that is characterized by a quadrilateral
(e.g., rectangular or square) cross section. In these embodi-
ments, the side region will be formed at either the intersec-
tion of the tapered region and the sides of the quadrilateral
or at the intersection of the tapered region and the corners of
the quadrilateral. One of ordinary skill in the art would
recognize many variations, modifications, and alternatives.

FIG. 1C is a simplified schematic diagram illustrating a
multi-voltage multi-cathode structure according to an
embodiment of the present invention. In the structure illus-
trated in FIG. 1C, the cathode structure 180 includes a
plurality of separate cathode elements 170, 172, 174, and
176, which provide separate emitting surfaces. Although
four cathode elements are illustrated, the present invention
is not limited to this number and other numbers of cathode
elements can be utilized according to an embodiment of the
present invention. Although the cathode elements are illus-
trated as conical in shape and arranged in a linear configu-
ration this is not required by the present invention and other
shapes including flat, angled, or pyramidal, and other con-
figurations such as a hexagonal array with the central
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cathode element positioned above the peripheral cathode
elements in a spiral configuration in which the cathode
elements decrease in height from the center towards the
periphery, and the like are included within the scope of the
present invention. One of ordinary skill in the art would
recognize many variations, modifications, and alternatives.

Each of the cathode elements 170, 172, 174, and 176 are
separated by an insulator 178 and can be operated at distinct
and different voltages, V1, V2, V3, and V4. As an example,
the voltage could be varied linearly between the cathode
elements or set in an arbitrary manner. In some embodi-
ments, the voltage sources V1, V2, V3, and V4 can be set to
a single value to operate at a uniform voltage. The differing
voltages applied to each cathode element enable, ultrafast
multiple-probe imaging that can be performed with spatial
separation of the images on the detector by means of
electron energy dispersion in the magnetic sector. Because
of'the separate voltages for each of the cathode elements, the
height of the cathode elements can be different as illustrated
in FIG. 1C or the same, since the voltage control enables
control over the pulse timing.

As demonstrated herein, the cathode structure provides
for spatial separation between the multiple regions emitting
the electron beams. In some implementations, the source
spatial configuration results in displacement on the detector
of the dual images of a given specimen location equal to
about half of the displacement, measured in pixels, of
corresponding diffraction peaks. Accordingly, to expand the
capabilities related to high resolution imaging, a larger
separation of source points can be used to increase the image
separation, but additionally, establishing a voltage differen-
tial between cathodes regions can be utilized. As an
example, by incorporating voltage dividing resistances
within the design of the multi-surface cathode, different
voltages can be applied to each cathode element. Other
designs such as that illustrated in FIG. 1C can also be
utilized. The electron packets of slightly different energy
will then be focused to different spots on the detector as a
consequence of the energy dispersion of the magnetic sector.
The energy differences designed to space the train of images
across the detector will also likely affect the electron pack-
et’s timing because of their different drift speeds. For
example, a change in electron energy of 1000 V results in a
change in the ~4 ns flight time from cathode to specimen of
only 6 ps in a 200 keV microscope.

FIG. 2 is a simplified schematic diagram illustrating an
electron microscope column utilizing multiple cathodes
according to an embodiment of the present invention. In the
embodiment of the present invention illustrated in FIG. 2,
the 4D microscope (i.e., a 4D UEM) integrates multiple-
cathode probe generation in addition to energy filtering as
described more fully below. Synchronized femtosecond
laser pulses, i.e., optical pulse 115 and pump pulse 135, enter
the microscope column through one or more entrance win-
dows, which can be fabricated from materials with high
transparency at the laser wavelength and sufficient thickness
to provide mechanical rigidity. For example, fused silica
windows about 6 mm thick without coatings are used in
various embodiments. The optical pulse 115 and the pump
pulse 135 are focused on the cathode structure 110 and on
the specimen 130, respectively, for UEM operation.

Referring to FIG. 2, the 200 keV microscope column 200
is illustrated and is configured to admit separate laser
irradiation of the specimen 130 and of the cathode structure
110 (i.e., a field emission gun configuration) that includes
multiple cathode regions. After emission from the cathode
structure 110, the multiple electron beams are accelerated
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through an extractor/suppressor region 210 and then through
an accelerator 212 to accelerate the electron beams down the
column toward the specimen.

The microscope includes an annular dark field (ADF)
detector 225 and a bright field (BF) detector 227 to provide
for scanning transmission electron microscope (STEM)
operation. In order to provide for energy filtering, the
magnetic sector 230 is used to direct the electron beams
through a 90° turn to reach the CCD camera 232, providing
the capability of electron energy loss spectroscopy (EELS)
or photon-induced near-field electron microscopy (PINEM).
Additional description related to EELS is provided in U.S.
Pat. No. 8,203,120 and additional description related to
PINEM is provided in U.S. Pat. No. 8,429,761, the disclo-
sures of which are hereby incorporated by reference in their
entirety for all purposes. According to embodiments of the
present invention, a unique optical arrangement is utilized to
provide for precision-control of the excitation pulse on the
specimen. The optical pulse 115 (e.g., a femtosecond ultra-
violet (UV) pulse) and the pump pulse 135 (e.g., a green
laser pulse) that are directed to the cathode structure and the
specimen, respectively, can be generated using a single
infrared laser source operating at a user-selectable repetition
rate. In other embodiments, multiple laser sources are uti-
lized. As will be evident to one of skill in the art, embodi-
ments of the present invention are not limited to these
particular wavelengths of light and other wavelengths can be
utilized according to other embodiments. The pump pulse
beam passes through a variable optical delay path (not
shown) to adjust the relative timing of the pulses before their
arrival at the microscope. In some implementations, the
electron pulses are recorded using a 2048x2048 pixel CCD
232.

The timing differential should be strongly dependent on
the earliest stage of electron acceleration at each surface and
may be adjustable to a significant extent by variation of the
applied extraction fields, allowing additional control of
experimental conditions. Given the longitudinal spatial
separation of micrometers to millimeters that could be
designed, we see the potential to generate multiple, ultrafast
electron packets separated by femtosecond to picosecond
delays in single-frame imaging, subject only to pulse-width
limitations.

FIG. 3 is a diagram illustrating multiple electron pulses
emitted from multiple cathodes of an electron microscope
according to an embodiment of the present invention. In the
implementation illustrated in FIG. 3, a train of electron
packets or pulses with different arrival times t; is generated
by a single optical (e.g., a UV laser pulse) incident at
multiple, spatially separate cathode positions (X,). The mul-
tiple-cathode operation illustrated in FIG. 3 results in the
generation of n electron pulses at times t; to t,,, each of the
electron pulses being associated with a separate cathode
location represented by coordinates x, to x,,. Each electron
packet follows its own path down the microscope column to
the specimen area under investigation, and is afterward
detected at a separate area on the CCD. Although shown as
a single optical path in FIG. 3, it will be evident to one of
skill in the art that the electron pulses follow separate paths
as a result of the different cathode regions and can pass
through the specimen at substantially the same location.
Thus, both spatial and temporal separation of each of the
electron pulses in the detector plane is provided by embodi-
ments of the present invention. It should be noted that in
FIG. 3, the n electron packets are illustrated as equally
separated in time, but this is not required by the present
invention and the time delay between pulses could be



US 9,464,998 B2

9

non-uniform. One of ordinary skill in the art would recog-
nize many variations, modifications, and alternatives.

FIG. 4 is a plot illustrating measurement of electron
packets as a function of optical delay achieved by changing
the pump pulse optical path length according to an embodi-
ment of the present invention. As illustrated in FIG. 4, which
plots the measured intensity at the detector as a function of
frame number, the multiple-cathode UEM measurement of
the specimen displays a drop in signal intensity (e.g., dif-
fraction or image configuration) following laser excitation
by the pump pulse. In FIG. 4, six electron packets equally
separated in time probe the specimen for each excitation and
are recorded in a single image frame numbered 1 through 21.

The signals from each packet are plotted for a series of
frames recorded for changing time delay between the speci-
men and cathode excitation laser pulses. In other words, the
signals from each of the six electron packets in a given frame
are plotted at the x coordinate corresponding to that frame.
A series of frames are recorded for increasing time delay
between the laser pulses for the specimen and the cathode
structure irradiation. Signals from the first through the last
packets to reach the specimen are represented by circles 410,
412, 414, 416, 418, and 420, respectively. It should be noted
that measurements associated with the last packets 420
exhibit a decrease in intensity at earlier frames because these
packets arrive at the specimen after the pump pulse interacts
with the specimen and changes in the specimen are evident
in the early frames for these late packets. In contrast, the first
packets 410 arrive at the specimen (i.e., frames 1-9) before
arrival of the pump pulse, resulting in high intensity values.
Thus, as shown in FIG. 4, for the first electron pulse or
packet 410, the pump pulse reached the specimen at approxi-
mately frame 9 or 10. For the last electron pulse or packet
420, the pump pulse reached the specimen at approximately
frame 1 or 2.

Considering the multiple pulse dynamics illustrated in
FIG. 4, it is possible to provide an in-frame reference using
embodiments of the present invention. In measurement
situations for which changes occur during measurement, an
in-frame reference can be established by having the pump
pulse arrive at the specimen between two electron pulses.
The first electron pulse will provide information on the
specimen before the pump pulse arrives and the second
electron pulse will provide information on the specimen
after the pulse arrives at the specimen. Thus, the first
electron pulse provides a reference for the material being
studied. In conventional approaches using samples that are
changing, it can be difficult to determine if changes are
resulting from changes initiated by the pump pulse or other
changes in the system. The reference pulse provides a
method to optimize and modify the microscope operating
parameters and/or the specimen with the confidence that
changes in measurements are due to a single pump pulse
interaction with the specimen.

Thus, embodiments of the present invention provide a
measurement system in which the pump pulse can be placed
in time between the time that the first electron pulse (e.g., the
center pulse) and the second electron pulse (e.g., the side
pulse) arrive at the specimen. The second electron pulse can
then be delayed, for example, from 20 ps to 30 ps to 40 ps
while maintaining the first electron pulse at the initial spatial
position and time of arrival.

FIG. 5 is a plot illustrating temporal behavior of electron
packets in a single frame according to an embodiment of the
present invention. In FIG. 5, the data from the six electron
packets of a single frame (i.e., frame 9) from FIG. 4 are
plotted on a time axis that accounts for the relative timing of
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the packets (i.e., the time delays between the packets). This
analysis provides a temporal record of essentially the full
transition dynamics of the specimen for the particular frame
of interest. In order to determine the time delay illustrated in
FIG. 5, the time associated with zero delay for each indi-
vidual electron pulse is determined. This zero delay time can
be determined by measuring a correlation between the pump
laser pulse and the electron pulse.

FIG. 6 is an image of a gold film illuminated with two
pulsed electron beams according to an embodiment of the
present invention. To collect this data, an 11 nm thick
oriented gold crystal film on a copper grid was excited by
femtosecond pulses of 519 nm light at a fluence of 1.6
ml/cm?. As a result of the excitation of the cathode structure,
two electron beams were generated. In this implementation,
a conical lanthanum hexaboride (LaB) cathode (90° cone-
angle) was utilized as the cathode structure. The first elec-
tron beam was generated from the top of the cathode
structure (i.e., the center flat of the cathode) and the second
electron beam was generated from a side of the cathode
structure (i.e., a projecting edge of the conical taper of the
cathode). The distribution of electron counts between the
two electron packets or beams was balanced by control of
the alignment of the optical pulse (i.e., the UV beam) and the
field emission gun tilt. The electron beams were incident on
the specimen along the gold [100] zone axis.

As illustrated in FIG. 6, the illumination of the gold film
by the two pulsed electron beams generated by photoemis-
sion at the two locations on the cathode structure produced
approximately 2 um image spots at the detector plane that
are separated by several microns. The spatial separation
between the image spots correlates with the physical sepa-
ration between the cathode regions from which the electron
beams were generated. In FIG. 6, the labels “center” and
“side” refer to the source location on the top and side of the
cathode structure, respectively. Additionally, although not
illustrated in FIG. 6, the center beam and the side beam are
delayed in time (e.g., by a few tens of picoseconds) with
respect to each other.

According to an embodiment of the present invention, an
imaging experiment can be performed using a uniform
sample. The different beams produced by the different
cathode regions can be focused onto different portions of the
uniform or homogeneous specimen. As the two or more
beams, which are staggered in time, pass through different
portions of the uniform specimen, the dynamics induced by
the pump pulse in the two different portions can be analyzed.
Thus, using embodiments of the present invention, two
different locations on the sample can be measured sequen-
tially using electron beams impacting the sample at different
times. This technique is of particular value in measuring
non-reversible transitions as a function of time.

FIG. 7 is an image of the gold film illustrated in FIG. 6
during uniform intensity illumination using two pulsed
electron beams according to an embodiment of the present
invention. In FIG. 7, the beams illustrated in FIG. 6 are
shown after spreading of their intensity to overlap and to
uniformly cover the area of study on the specimen (i.e., the
center of the image). Thus, FIG. 7 illustrates the center beam
and the side beam as coincident at the specimen.

In some embodiments, during collection of data, a
selected-area aperture was used to select only the central
region shown in FIG. 7 that was illuminated uniformly by
each of the two electron beams. Thus, by spreading the
multiple beams over an area larger than that passed by an
aperture in the system, the two beams, although not com-
pletely overlapping, can measure a single region of the
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specimen. The diffraction pattern obtained from this speci-
men region under these conditions is shown in FIG. 8.

As illustrated by FIGS. 6 and 7, embodiments of the
present invention provide several different measurement
conditions, including two electron beams (i.e., probe beams)
staggered in time passing through a single location on the
specimen or through different locations on the specimen. In
other words, the electron beam diameters can be small
enough so that the beams are separated when they impinge
on the specimen as illustrated in FIG. 6 or the beam diameter
can be increased such that the beams overlap each other at
the specimen as illustrated in FIG. 7.

FIG. 8 is a diffraction pattern from a gold crystal film
during uniform intensity illumination using two pulsed
electron beams according to an embodiment of the present
invention. Thus, in this figure, the conditions illustrated in
FIG. 7 were utilized to measure the diffraction patterns
shown for the oriented gold crystal film from the two pulsed
electron beams. The illustrated diffraction pattern can be
referred to as a signature associated with the plurality of
electron pulses after they pass through the specimen.
Although diffraction from the gold crystal film is illustrated
in FIG. 8, embodiments of the present invention are not
limited to measurement of diffraction patterns and imaging,
PINEM, EELS, and other microscopy techniques are
included within embodiments of the present invention.

As illustrated in FIG. 8, a set of distinct peaks was formed
for each of the two electron beams produced by the multiple
cathode structure. For this particular alignment regime, the
side beam, identified by the diffraction peaks 810 not
surrounded by circles, was the more intense of the two. The
diffraction peaks 812, surrounded by circles to aid in iden-
tification, are the peaks that were associated with the center
beam generated from the top of the cathode structure.

FIG. 9 is a plot of diffraction intensity as a function of
time for two pulsed electron beams originating from two
cathodes according to an embodiment of the present inven-
tion. The diffraction intensity illustrated in FIG. 9 is a sum
of the diffraction peaks (e.g., the eight peaks) for a given
beam as illustrated in FIG. 8. This plot illustrates the
dynamics of the diffraction intensity recorded by scanning
the laser time delay. Data from the two electron packets are
plotted in grey for the center beam and black for the side
beam, probing two time delays in each frame. The lower
intensity center beam data was filtered to remove high
frequency noise. Fits of the time evolution of each transient
yield the indicated time separation of 19 ps.

The diffraction intensity as a function of time was mea-
sured by scanning over the relative delay of the excitation
pulse impinging on the cathode structure (i.e., optical pulse)
and the pump laser pulse. For each recorded frame, the
average integrated intensity was evaluated for the eight
{042} peaks in the diffraction pattern associated with each
of the beams. Referring to FIG. 8, the peaks (000), (002),
(020), and (042) for both beams are illustrated. The values
obtained for the center and side beam peaks in a given frame
were normalized by their respective (000) intensities and
scaled to set the average value from the first 25 frames to
one. In FIG. 9, the center and side beam data from a given
frame are plotted on the same vertical line, i.e., following the
same format as FIG. 4. Here, however, two time axes have
been added, and these are described below.

The diffraction intensities of both electron beams show an
abrupt drop in moving from left to right in the figure, i.e., as
the delay associated with optical pulse 115 increases. The
form of this change for both beams matches well with that
revealed in previous similar experiments on gold in which
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heating of the gold sample results in a decrease in diffraction
intensity. Without limiting embodiments of the present
invention, the inventors believe that the thermal heating of
the specimen by the pump pulse results in reduction in the
diffraction intensity that results in the drop in signal value
following the arrival of the pump pulse at the specimen.

It should be noted that the change in side beam intensity
clearly occurs earlier in the sequence of frames than that of
the center beam. The signal evolution for each beam has
been fit with a single exponential drop to a lower metastable
value on the time scale of the plot, and the fit curves are
shown as solid lines passing through the sets of center beam
and side beam data. The onset of the change in these fits has
been used to fix the zero points on the two time axes and to
determine that the time separation of the two electron
packets is 19 ps. With this knowledge, the axis 910 and the
axis 912 have been added and these indicate, for any given
frame, the arrival time at the specimen of the center packet
and the side packet, respectively, relative to the excitation
pulse. Note that the packet originating from the side cathode
arrives later in time, as can be seen from the fact that, for any
frame between the zero points of the red and green time
axes, only the side beam observes a specimen that has
already been excited (positive time).

Embodiments of the present invention utilize a multiple-
cathode configuration that provides for the generation of a
sequence of ultrafast electron pulses (i.e., probe pulses),
which can unambiguously track a specimen’s response to a
given excitation pulse (i.e., an optical pump pulse). Embodi-
ments of the present invention differ in fundamental ways
from that of a single cathode with electron packet deflection.
Because the electron packets in the single cathode method
are not generated with a spatial separation, they must be
deflected after the specimen to separate areas of the detector
whenever the packet interval is shorter than the camera
readout time. In contrast, the multiple cathode technique
described herein provides electron beams that originate at
separate locations, enabling for both spatial and temporal
separation between the electron beams.

Thus, the multiple-cathode system described herein can
provide much shorter probe packet intervals than single
cathode approaches with extremely stable timing and image
spatial separation without major modifications to the stan-
dard microscope column configuration. The timing and
image location in the conducted experiments are fixed by the
cathode spatial configuration, with the packet that travels a
longer distance arriving later. Although a conventional cath-
ode provides separate regions suitable to generate multiple
electron beams, other cathode structure designs are included
within the scope of the present invention, including a
cathode structure with a set of spatially displaced emitting
surfaces that provides a train of electron packets that will
each arrive at the specimen at a different time and will be
spatially separated at the detector.

By utilizing embodiments of the present invention, the
use of multiple electron probe packets is useful in relaxing
the requirement of reversible dynamics. This results, for
example, in the case of a gold film, because like most
samples, gold tends to be modified more or less quickly by
repetitive excitation. Such progressive permanent changes
can easily compromise the interpretation of data acquired in
the conventional sequential manner. In contrast, multi-cath-
ode systems that provide multi-probe techniques, ensure that
the signal measured at each of the time points contained
within a single frame correspond to exactly the same speci-
men condition, and are therefore internally consistent, with-
out a requirement for long term reversibility. Thus, multiple-
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cathode operation can be profitably embedded with
stroboscopic measurement, and clearly provides a many-
fold increase in the efficiency of all UEM measurements,
while extending UEM applications into the currently inac-
cessible realm of materials undergoing rapid modifications.

As described herein, electron packets generated at spa-
tially distinct cathode locations can be used to probe distinct
time points in a dynamic process initiated by a single
femtosecond specimen initiation pulse in UEM. The static
nature of the electrostatic environment ensures stable image
location and ultrafast timing precision. Using embodiments
of'the present invention, it is possible to obtain “all-at-once”
imaging, with ultrashort time separations, in a single frame
at a specific specimen location. Cathodes with multiple
emitting regions or surfaces enable spatial separation
between electron beams, allowing rapid capture of ultrafast
dynamics in all types of specimen, from those undergoing
reversible dynamics, to materials under conditions where
laser damage is possible, to stochastic processes in single-
shot (picosecond or femtosecond) studies. Thus, embodi-
ments of the present invention can be combined with elec-
tron energy loss spectroscopy (EELS) and photon-induced
near-field electron microscopy (PINEM) as illustrated in
FIG. 2.

FIGS. 10A-10F are images illustrating different multiple
electron beam configurations for a multiple cathode electron
microscope according to an embodiment of the present
invention. As illustrated in FIGS. 10A-10F, a four-fold
symmetry is present. Without limiting embodiments of the
present invention, the inventors believe that the four-fold
symmetry arises from the interaction between the optical
input beam and the crystal planes of the cathode structure.

Referring to FIGS. 10A-10F, a center beam 1005 and side
beams are illustrated. in FIG. 10A, the center beam 1005 and
a side beam 1010 positioned in the lower right quadrant is
illustrated. By varying the position of the optical beam on
the cathode structure, the acceleration voltages for example,
the suppressor voltage, the extractor voltage, and/or the gun
lens voltage, and other parameters of the microscope col-
umn, the electron pulse intensity can be controlled to dis-
tribute most of the power in the illustrated center beam 1005
and a side beam 1010 in the lower right quadrant.

In addition to the lower right quadrant, the side beam can
be moved with respect to the center beam 1005 such that the
side beam is present in other quadrants, including a side
beam 1012 in the upper left quadrant as illustrated in FIG.
10B, a side beam 1014 in the upper right quadrant as
illustrated in FIG. 10C, and a side beam 1016 in the lower
left quadrant as illustrated in FIG. 10D.

FIG. 10E illustrates a condition in which three electron
beams are generated from three cathode regions, producing
a center beam 1005, a side beam 1020 in the upper left
quadrant, and a side beam 1022 in the lower left quadrant.
Thus, using the conical cathode structure illustrated in FIG.
1B, three or more different cathode source locations can be
achieved. FIG. 10F illustrates a condition in which substan-
tially all electron beam intensity is contained in a single
center beam, demonstrating the flexibility provided by
embodiments of the present invention.

Thus, as illustrated in FIGS. 10A-10F, the intensity of the
center beam of electron pulses and the side beam of electron
pulses can be varied, for example, with most of the electron
beam intensity being in the center beam (FIG. 10F), gener-
ally balanced electron beam intensity in the center beam and
the side beam (FIGS. 10A-10D), or electron beam intensity
in both the center beam and multiple side beams (FIG. 10E).
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Embodiments of the present invention provide both mul-
tiple cathode and single cathode operation in a single
integrated package. By adjustment of the laser pulse that
excites the cathode and the acceleration voltages and other
microscope parameters, either multiple cathode or single
cathode operation can be achieved. In some multiple cath-
ode implementations, one or more of the multiple cathodes
can be selected for use, providing cathodes with different
geometries, materials, and the like. One of ordinary skill in
the art would recognize many variations, modifications, and
alternatives.

With respect to the time of flight of the electron beams
generated by the multiple cathodes, the propagation time
from the cathode to the specimen and subsequently the
detector is a function of the time delay between the incident
laser pulse impinging on the different cathode regions and
the voltage applied to the electron beams as they are shaped
and accelerated down the microscope column.

Although the spatial separation between the multiple
cathodes has some impact on electron pulse timing due to
the differing arrival time of the laser pulse at the cathode
regions, the acceleration process for the electron beams
contributes most significantly to the electron pulse timing.
Thus, in addition to the shape and dimension of the cathode
structure, the timing between the multiple electron pulses is
dependent on the fields that are applied to accelerate the
individual electron pulses that originate at different regions
of the cathode structure. As the electrons experience differ-
ent fields during acceleration, the electron pulses, which are
initially at low energy, propagate at a relatively low velocity
toward the extractor. As described below, control of the gun
lens voltage and the suppressor voltage provide time delays
between electron pulses on the order of tens of picoseconds.
Because the acceleration voltages make a significant impact
on the electron pulse timing, the timing is adjustable over a
significant range through control of the acceleration volt-
ages.

FIG. 11Ais a plot illustrating relative electron transit time
as a function of gun lens voltage for an electron beam from
a center cathode according to an embodiment of the present
invention. As illustrated in FIG. 11A, for the center beam,
control of the gun lens voltage, over a range from 1000 V to
~1600 V, resulted in changes in the relative electron transit
time of ~80 ps. As the gun lens voltage is increased, the
relative electron transit time decreased in a generally linear
manner, providing a high level of control over the electron
transit time. Additionally, variation of the suppressor volt-
age, at levels of 1000 V, 1400 V, and 1600 V, resulted in
increases in the relative electron transit time, providing
additional control.

FIG. 11B is a plot illustrating relative electron transit time
as a function of gun lens voltage for an electron beam from
a side cathode according to an embodiment of the present
invention. Similar to control of the center beam, the relative
electron transit time for the side beam can be controlled over
a range of about 60 ps by varying the gun lens voltage from
~1100 V to ~1600 V. As the gun lens voltage is increased,
the relative electron transit time decreases. Additionally,
control of the suppressor voltage provides an additional,
although smaller, level of control of the relative electron
transit time, with increases in suppressor voltage decreasing
the relative electron transit time.

FIG. 12A is a plot illustrating relative electron transit time
as a function of suppressor voltage for an electron beam
from a center cathode according to an embodiment of the
present invention. Although providing a smaller range of
variation in relative electron transit time, increases in sup-
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pressor voltage, measured at a fixed gun lens voltage of 1624
V, provided for an increase in relative electron transit time.
As illustrated in FIG. 12A, for the center beam, an increase
in the suppressor voltage of ~700 V resulted in an increase
in the relative electron transit time of ~6 ps.

FIG. 12B is a plot illustrating relative electron transit time
as a function of suppressor voltage for an electron beam
from a side cathode according to an embodiment of the
present invention. Similar to the control of the center beam,
the relative electron transit time for the side beam can be
controlled over a range of about 7 ps by varying the
suppressor voltage from ~1400 V to ~1600 V. As the
suppressor voltage is increased, the relative electron transit
time decreases.

FIG. 13 is a simplified flowchart illustrating a method of
operating an electron microscope according to an embodi-
ment of the present invention. The method 1300 includes
directing an optical pulse to impinge on a cathode structure
having a plurality of cathode regions (1310) and generating
a plurality of electron pulses (1312). Each of the plurality of
electron pulses is associated with one of the plurality of
cathode regions. The method also includes accelerating the
plurality of electron pulses to impinge on a specimen (1314)
and directing a pump pulse to imping on the specimen
(1316). In an embodiment, the optical pulse and the pump
pulse originate from a single laser, with the optical pulse
frequency converted into the ultraviolet region and the pump
pulse frequency converted into the visible (e.g., green)
region.

By controlling the microscope parameters during the
acceleration process, the travel time of the plurality of
electron pulses from the cathode structure to the specimen
can be varied to introduce a time delay between the plurality
of electron pulses as discussed in relation to FIGS. 11A-12B.
As examples, control of the gun lens voltage and/or sup-
pressor voltage can be used as some of the microscope
parameters.

The method further includes detecting a signature asso-
ciated with the plurality of electron pulses after the plurality
of electron pulses have passed through the specimen (1318)
and processing the signature to provide an output at an
output device (1320). The signature can include one or more
diffraction patterns. In an embodiment, each of the diffrac-
tion patterns are spatially separated from each other as a
result of the spatial separation of the electron pulses at the
cathode structure. In other embodiments, the signature can
include an image associated with the plurality of electron
pulses.

In some implementations, detecting the signature can
include analyzing electron energy loss associated with the
plurality of electrons in order to provide EELS analysis. In
other implementations, detecting the signature can include
energy filtering the plurality of electron pulses to provide a
PINEM analysis.

It should be appreciated that the specific steps illustrated
in FIG. 13 provide a particular method of operating an
electron microscope according to an embodiment of the
present invention. Other sequences of steps may also be
performed according to alternative embodiments. For
example, alternative embodiments of the present invention
may perform the steps outlined above in a different order.
Moreover, the individual steps illustrated in FIG. 13 may
include multiple sub-steps that may be performed in various
sequences as appropriate to the individual step. Furthermore,
additional steps may be added or removed depending on the
particular applications. One of ordinary skill in the art would
recognize many variations, modifications, and alternatives.
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FIG. 14 is a simplified method of analyzing a specimen
using an electron microscope according to an embodiment
of'the present invention. The method 1400 includes directing
a first laser pulse to impinge on a cathode structure of the
electron microscope (1410) and directing a second laser
pulse to impinge on the specimen (1412). The method also
includes generating a first electron pulse from a first cathode
region of the cathode structure in response to the first laser
pulse (1414), generating a second electron pulse from a
second cathode region of the cathode structure in response
to the first laser pulse (1416), and accelerating the first
electron pulse and the second electron pulse towards the
specimen (1418). The first cathode region of the cathode
structure and the second cathode region of the cathode
structure can be spatially separated in the lateral direction,
the longitudinal direction, or combinations thereof.

The method further includes directing the first electron
pulse and the second electron pulse to impinge on the
specimen (1420). The first electron pulse impinges on the
specimen at a first time and the second electron pulse
impinges on the specimen at a second time after the first
time. During the acceleration of the first electron pulse and
the second electron pulse, one or more microscope param-
eters may be controlled and varied to vary the time differ-
ence between the first time at which the first electron pulse
impinges on the specimen and the second time at which the
second electron pulse impinges on the specimen.

Additionally, the method includes passing the first elec-
tron pulse and the second electron pulse through the speci-
men (1422), detecting a signature associated with the first
electron pulse and the second electron pulse (1424), and
providing an output associated with the detected signature
(1426). In an embodiment, the signature can include a first
diffraction pattern associated with the first electron pulse and
a second diffraction pattern associated with the second
electron pulse. These diffraction patterns can be spatially
separated from each other as a result of the spatial separation
between the first cathode region and the second cathode
region. In other embodiments, the signature includes an
image.

It should be appreciated that the specific steps illustrated
in FIG. 14 provide a particular method of analyzing a
specimen using an electron microscope according to an
embodiment of the present invention. Other sequences of
steps may also be performed according to alternative
embodiments. For example, alternative embodiments of the
present invention may perform the steps outlined above in a
different order. Moreover, the individual steps illustrated in
FIG. 14 may include multiple sub-steps that may be per-
formed in various sequences as appropriate to the individual
step. Furthermore, additional steps may be added or
removed depending on the particular applications. One of
ordinary skill in the art would recognize many variations,
modifications, and alternatives.

It is also understood that the examples and embodiments
described herein are for illustrative purposes only and that
various modifications or changes in light thereof will be
suggested to persons skilled in the art and are to be included
within the spirit and purview of this application and scope of
the appended claims.

What is claimed is:

1. An electron microscope system comprising:

a laser system operable to generate an optical pulse and a

pump pulse; and

a microscope column including:

a multiple cathode structure having a plurality of spatially

separated cathode regions, each of the cathode regions
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being operable to generate an electron pulse, wherein
each of the electron pulses from each of the cathode
regions impinge on a specimen at a different time;

an electron acceleration region adjacent the multiple

cathode structure;

a specimen region operable to support the specimen; and

a detector.

2. The electron microscope system of claim 1 wherein the
optical pulse comprises a femtosecond ultraviolet pulse and
the pump pulse comprises a femtosecond green pulse.

3. The electron microscope system of claim 2 further
comprising a first optical system operable to direct the
femtosecond ultraviolet pulse to impinge on the multiple
cathode structure and a second optical system operable to
direct the femtosecond green pulse to impinge on the
specimen.

4. The electron microscope system of claim 1 wherein the
microscope column includes a suppressor in the electron
acceleration region, wherein control electronics coupled to
the suppressor are operable to vary electron transit time from
the cathode region to the specimen.

5. The electron microscope system of claim 1 wherein the
plurality of spatially separated cathode regions are operated
at different voltages.

6. A method of operating an electron microscope, the
method comprising:

directing an optical pulse to impinge on a cathode struc-

ture having a plurality of cathode regions;

generating a plurality of electron pulses, each of the

plurality of electron pulses being associated with one of
the plurality of cathode regions and impinging on a
specimen at a different time;

accelerating the plurality of electron pulses to impinge on

the specimen;

directing a pump pulse to imping on the specimen;

detecting a signature associated with the plurality of

electron pulses after the plurality of electron pulses
have passed through the specimen; and

processing the signature to provide an output at an output

device.

7. The method of claim 6 wherein the signature comprises
a diffraction pattern.

8. The method of claim 6 wherein the signature comprises
an image associated with the plurality of electron pulses.

9. The method of claim 6 wherein detecting a signature
comprises analyzing electron energy loss associated with the
plurality of electrons.

10. The method of claim 6 further comprising detecting a
signature comprises energy filtering the plurality of electron
pulses.
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11. The method of claim 6 wherein the optical pulse and
the pump pulse originate from a single laser.

12. The method of claim 6 wherein accelerating the
plurality of electron pulses comprises control of microscope
parameters to vary a time delay between the plurality of
electron pulses.

13. The method of claim 6 wherein the microscope
parameters comprise at least one of gun lens voltage or
suppressor voltage.

14. A method of analyzing a specimen using an electron
microscope, the method comprising:

directing a first laser pulse to impinge on a cathode

structure of the electron microscope;

directing a second laser pulse to impinge on the specimen;

generating a first electron pulse from a first cathode region

of the cathode structure in response to the first laser
pulse;

generating a second electron pulse from a second cathode

region of the cathode structure in response to the first
laser pulse;

accelerating the first electron pulse and the second elec-

tron pulse towards the specimen;

directing the first electron pulse and the second electron

pulse to impinge on the specimen, wherein the first
electron pulse impinges on the specimen at a first time
and the second electron pulse impinges on the speci-
men at a second time after the first time;

passing the first electron pulse and the second electron

pulse through the specimen;

detecting a signature associated with the first electron

pulse and the second electron pulse; and

providing an output associated with the detected signa-

ture.

15. The method of claim 14 wherein the signature com-
prises a first diffraction pattern associated with the first
electron pulse and a second diffraction pattern associated
with the second electron pulse.

16. The method of claim 15 wherein the first diffraction
pattern and the second diffraction pattern are spatially sepa-
rated from each other.

17. The method of claim 14 wherein the signature com-
prises an image.

18. The method of claim 14 wherein accelerating the first
electron pulse and the second electron pulse comprises
modifying one or more microscope parameters to vary a
time difference between the first time and the second time.

19. The method of claim 14 wherein the first cathode
region of the cathode structure and the second cathode
region of the cathode structure are spatially separated in both
lateral and longitudinal directions.
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